Biomechanical studies have suggested that arthrodesis of the lumbar spine transfers forces to adjacent joints, causing mechanical changes that may create stress and result in pain and reduced spinal function^[@R1],[@R2]^. Clinical studies have suggested that symptomatic adjacent segment disease develops in many patients who undergo lumbar or lumbosacral arthrodesis^[@R3]^, and other research has implicated the sacroiliac joint as a source of chronic lower back pain in 13% to 30% of patients who have undergone these procedures^[@R4]^. Few studies have directly addressed the relationship between distal adjacent segment disease and the sacroiliac joint as a potential cause of pain in lumbar spine arthrodesis. This study examines whether arthrodesis in the lumbar spine results in altered biomechanics at the sacroiliac joint that could contribute to adjacent segment disease in the sacroiliac joint.

Materials and Methods
=====================

Specimens
---------

Ten fresh-frozen cadaveric pelves with lumbosacral spines (L4 to the sacrum) were harvested and denuded, preserving the iliolumbar, sacrotuberous, and sacrospinous ligaments. Radiographs of the pelves were made in order to rule out anatomic abnormalities. The specimens were harvested from 5 male and 5 female patients with an average age (and standard deviation) of 56.8 ± 7.6 years old.

Setup
-----

Sawbones femora (Pacific Research Laboratories) were transected at the distal aspect of the diaphysis, and the proximal aspect of the femora were potted in polymethylmethacrylate and gripped in an angle vise with the diaphysis at 9° of varus and the neck at 15° of anteversion. The femora were then fixed to the pelvis at the hip joints, and a plumb line was utilized to align the center of L4 to the center of rotation of the hip joints in the sagittal plane. The fit of the femoral head was not critical because the hip joints were locked in the above alignment to prevent forward or backward flexion of the whole pelvis and lumbar spine, which could have occurred as with flexion-extension loading of the lumbar spine. The vise on the right side of the pelvis moved on linear bearings to accommodate for elastic changes within the pelvis on loading (Figs. [1](#F1){ref-type="fig"}-A and [1](#F1){ref-type="fig"}-B).

![Photographs of the pelvis and lumbar spine showing the location of transducers, movement-tracking hardware, and the linear bearing sandwich (**Fig. 1-A**), and universal joint coupling to the MTS machine. DVRT = differential variable reluctance transducer (**Fig. 1-B**).](jbjsoa-5-e0034-g001){#F1}

Across the anterior surface of each sacroiliac joint, at approximately the apex of the convex surface of the joint, 2 MicroStrain (LORD Sensing Systems) differential variable reluctance transducers (9 mm excursion, 4.5 µm accuracy) were aligned to measure the vertical and horizontal translations across each joint (Figs. [1](#F1){ref-type="fig"}-A and [1](#F1){ref-type="fig"}-B; [Appendix A1](#app1){ref-type="sec"}). Brackets with 3 reflectors of the MaxPro 3-D motion analysis system (Innovision-Systems) were mounted posteriorly to track translation between the sacrum and both ilia.

All measures of each construct were assessed in the same sequence in each specimen. Each construct measure was normalized to the intact value for the same parameter. Statistical comparisons were made between each construct and the intact value with use of paired Student t tests with the Bonferroni correction for multiple comparisons. Significance was set at p = 0.05.

Loading
-------

A loading fixture on the superior end plate of L4 was aligned to ensure that the vertical compression loads and rotations about the vertical axis would be in line with the gravity load line of the lumbar spine. Turnbuckles were attached to the iliac crest and the proximal aspect of the femur near the greater trochanter on the left side of the pelvis to simulate the abductor loads in single-leg loading. Although the hip joints were locked, the elasticity of the pelvic ring allowed for adduction between the femur and pelvis. We believed this was more of a natural construct, wherein abductor forces helped support the pelvis.

Four modes of loading---flexion-extension (Fig. [2](#F2){ref-type="fig"}), compression along the vertical axis in single and double-leg support, and rotation about the vertical axis (axial rotation)---were applied with use of the MTS 858 Mini Bionix II (MTS Systems Corporation). All loads, torques, vertical displacements, and rotations of the MTS load cell and ram were recorded and synchronized with all other measures during testing.

![Schematic diagram of the flexion-extension test setup. A passive 60-N preload was applied to the load arm mounted on the superior surface of L4 at 14.2 cm from the center of L4. This created an 8.5-Nm flexion moment to the lumbar spine at L4 when the MTS load was zero. Next, a compression load from the MTS ram was applied to the posterior lever arm to move the spine into extension and generate an 8.5-Nm extension moment at L4. The linear bearings on the MTS ram assured that, as the spinopelvic specimen moved from a position of flexion to extension, the vertical load followed the motion and did not create any side loads.](jbjsoa-5-e0034-g002){#F2}

The constructs were cyclically loaded at 0.25 Hz with the MTS to ±8.5 Nm in flexion-extension with the lever arms in load control (Fig. [2](#F2){ref-type="fig"}). The static preload of 60 N, applied at 14.2 cm anterior to the center of L4, created an 8.5 Nm flexion moment. The MTS ram applied a load to the lever arm at 10 cm posterior to the center of L4 to create an extension moment to first overcome the flexion preload moment (at 85 N) and then create a net extension moment of 8.5 Nm when the cycle peaked at 170 N. In this way, the vertical compression load that creates the flexion and extension moments also followed the motion of the spine and center of gravity as the spine flexes and extends.

The lever arms were replaced by a universal joint to apply the ±7.5 Nm in torsion (axial rotation) under load control. In double-leg support, L4 was loaded in compression through a universal joint and cycled at 0.25 Hz under stroke control. Loads were cycled from 150 to 1,500 N for male specimens and 100 to 1,000 N for female specimens. In single-leg support, the support was removed from the right femur and load was applied directly to L4 through the universal joint. The load was cycled from 60 to 600 N for male specimens and 40 to 400 N for female specimens. These load levels produced measurable movements that did not threaten mechanical failure of the specimens. X-Y linear bearings were attached to the crosshead of the MTS during all testing parameters to allow for free horizontal translation in the anteroposterior and mediolateral planes and to eliminate shear loads from the MTS ram. An 8.5-Nm preload was applied to the test specimen in flexion to induce proper coupled flexion-extension motion by placing a 60-N weight on a lever arm attached to L4. A clevis joint, secured to the X-Y roller plates, was attached to the extension end of the lever arm. A vertical compression load was applied to the extension lever arm to drive the construct from full flexion to full extension. The flexion-extension test setup is depicted in Figure [2](#F2){ref-type="fig"}. The level of load for each simulation was chosen to provide a safe, but large enough, load to create measurable movements at the sacroiliac joints. The normal loading of the sacroiliac joint is not well understood, but vertical compression loads of 1,000 N or more are expected^[@R5]^.

Surgical Interventions
----------------------

Four constructs were simulated in each specimen: (1) intact, (2) 360° (anterior and posterior) instrumented L4-L5 arthrodesis, (3) the addition of a 360° instrumented lumbosacral L4-S1 arthrodesis, and (4) the addition of unilateral screw fixation across the left sacroiliac joint. The posterior arthrodeses were simulated by 4 pedicle screws and two 5.5-mm titanium rods. The lumbar arthrodeses were simulated by replacing the disc at the motion segment unit with an anterior lumbar interbody arthrodesis cage with screw fixation into the superior and inferior end plates of the motion segment union and an anterior bone plate to span the motion segment union.

Results
=======

All intact specimens in this study demonstrated motion at the sacroiliac joints, albeit with high variability between specimens. Horizontal movements measured posteriorly ranged from 0.001 to 0.38 mm in the mediolateral plane, from 0.22 to 1.96 mm in the anteroposterior plane, and from 0.21 to 1.63 mm in the vertical plane. In general, female specimens displayed greater motion at the sacroiliac joints. The ratio of measures between right and left sacroiliac joints in the same pelvis ranged from 0.02 to 5.95, but most right-versus-left sacroiliac joint comparisons in a given pelvis were quite similar. Because of this wide variation in absolute measures between specimens, only the relative changes with each intervention for each individual measure were meaningful and able to be compared statistically.

Flexion-Extension Loading
-------------------------

The MTS load-deflection curves had a definable neutral zone of motion with minimal resistance. Motion of the individual joints was not measured, so a description of flexion-extension stiffness was not meaningful. The neutral zone decreased progressively after each additional level of arthrodesis and after adding the screw across the left sacroiliac joint. These changes were significant for all levels of arthrodesis and for the sacroiliac screw when paired with the neutral-zone measures of the intact specimens (Fig. [3](#F3){ref-type="fig"}). Examples of load-displacement measures are given in the Appendix (Figs. A-2 through A-4).

![Graph showing mean and standard deviation of the relative change in the neutral zone compared with the intact measures related to each of the interventions. The neutral zone for flexion-extension loading of the whole construct, as expected, changed significantly with increases in levels of arthrodesis of the lumbar spine. SI = sacroiliac.](jbjsoa-5-e0034-g003){#F3}

The relative vertical motion between the sacrum and ilium measured posteriorly averaged 0.61 ± 0.39 mm for the intact spinopelvic specimens, 0.78 ± 0.49 mm after fusing the L4-L5 motion segment unit, 0.90 ± 0.54 mm after adding the L5-S1 motion segment unit to the arthrodesis, and finally 0.92 ± 0.62 mm at the right sacroiliac joint and 0.83 ± 0.49 mm at the left sacroiliac joint after adding the screw across the left sacroiliac joint. Vertical motion on the anterior side averaged 0.078 ± 0.089 mm for the intact spinopelvic specimens, 0.096 ± 0.131 mm after fusing the L4-L5 motion segment unit, 0.099 ± 0.141 mm after adding the L5-S1 motion segment unit to the arthrodesis, and finally 0.101 ± 0.186 mm at the right sacroiliac joint and 0.053 ± 0.057 mm at the left sacroiliac joint after adding the screw across the left sacroiliac joint. The posterior vertical motions were in the opposite direction from the anterior motions, indicating that the sacroiliac joint was rotating with flexion-extension loading.

None of these absolute measures were significantly different because of the variability of the specimens; however, the percent increase in each measure as a result of arthrodesis was significantly different for flexion-extension loading (Fig. [4](#F4){ref-type="fig"}). The addition of the screw to the left sacroiliac joint reduced vertical motion on that joint, but the unfixed right side increased and was quite variable.

![Graph showing the mean and standard deviation of the change in vertical translations measured at the sacroiliac joints created by the increase in each level of arthrodesis of the lumbar spine during flexion-extension loading. The change in vertical translation at the right sacroiliac joint before and after the left sacroiliac joint was fixed with a screw is labeled "unfixed side." SI = sacroiliac.](jbjsoa-5-e0034-g004){#F4}

Vertical Axis Loading of All Types
----------------------------------

All axial compression loading (double and single-leg support) vertical translations were within the same range (0.4 to 0.6 mm), and none were significantly affected by lumbar arthrodesis. Horizontal motions were significantly less than vertical and were not significant. Examples of measures are in the Appendix (Figs. A5 and A6). Similarly, rotational loading created horizontal motions within the same range (0.4 to 0.6 mm), and none were significantly affected by lumbar arthrodesis. Examples of measures are in the Appendix (Figs. A7 through A9).

Discussion
==========

Froning and Frohman were the first to suggest sacroiliac joint involvement in patients with persistent lumbar pain following successful surgical procedures in the lumbar spine^[@R2]^; however, they were unable to confirm that hypothesis with radiographs. They and other investigators found that sacroiliac joint dysfunction with persistent, unresponsive pain following lumbar arthrodesis could be documented by computed tomography (CT) imaging and bone scintigraphy, which demonstrated increased uptake in the sacroiliac joint in symptomatic patients^[@R5],[@R6]^. In a study utilizing an analytical lumbar spinopelvic model to assess the motion and stress on the sacroiliac joint as a function of lumbar arthrodesis, Ivanov et al.^[@R7]^ showed increased motion at the sacroiliac joint with lumbar arthrodesis, which may account for pain in patients who undergo that procedure. In a study in which 34 symptomatic patients with a prior lumbar arthrodesis received a sacroiliac joint injection, Katz et al. hypothesized the pain was related to the arthrodesis^[@R8]^.

In a study using CT imaging preoperatively and at 1 and 5 years postoperatively, Ha et al. found that sacroiliac joint degeneration correlated with instrumented posterolateral lumbar arthrodesis^[@R9]^. The incidence of sacroiliac degeneration in the arthrodesis group was 75% compared with 38.2% in a comparably sized, age-matched control group.

In the present study, there was a well-defined neutral zone for the entire construct with flexion-extension and axial-rotation loading, reflecting the relatively large movements of the lumbar spine compared with the limited motion measured at the sacroiliac joints. For axial compression loading, the motion segments had minimal movement, and there were no clear neutral-zone measures for the entire construct; thus, axial compression loading, with or without lumbar arthrodesis, transmitted the compression to the sacroiliac joint. With flexion-extension loading, the motion of the lumbar spine was altered, creating significant changes in measures of sacroiliac motion (p \< 0.05). Because flexion loading specifically creates increased loading on the spine as a result of the anterior shift of the center of mass of the upper body, altering spinal motion could have effects on the adjacent segment sacroiliac joint.

The intact sacroiliac joint sagittal plane rotation during lumbosacral spine flexion-extension testing observed in the present study corroborates the descriptions made by Kapandji (as nutation and counter-nutation, similar to a nodding head)^[@R10]^, and further supports the current belief that normal sacroiliac joint motion between the sacrum and ilium consists of a rotational movement in the sagittal plane. During axial compression testing (double and single-leg stance), sacroiliac joint motion was predominantly translational, or shearing, within the vertical plane and without evidence of rotation. Torsion testing likewise resulted in predominantly translational motion, although in the coronal plane.

Although a few studies have suggested an association between lumbosacral arthrodesis and possible adjacent segment disease extending to the sacroiliac joint, the present study is the first, to our knowledge, to provide biomechanical substantiation^[@R7]-[@R9]^. The results of this study demonstrate progressively increasing motion across the sacroiliac joint with lumbosacral arthrodesis constructs. Sacroiliac joint vertical translational motion during flexion-extension loading increased 67% with L4-L5 instrumentation and 77% with L4-S1 instrumentation. Similar to the complications of proximal adjacent segment disease typically associated with a lumbar spine arthrodesis, the adjacent distal motion segment unit following lumbosacral arthrodesis is the sacroiliac joint, and the increased motion transferred to the adjacent sacroiliac joint secondary to lumbosacral arthrodesis may accelerate sacroiliac joint degeneration and, subsequently, pain generator transformation^[@R3],[@R11]-[@R17]^.

There were several limitations to this study. Firstly, the pelves and associated sacroiliac joints represented a broad variation in geometry and size, and this dissimilarity may have resulted in variable motion between intact specimens. To address this, measurements made prior to arthrodesis or screwing served as control values for each respective specimen. The differential variable reluctance transducers were placed at the anterior surface of the sacroiliac joint so that the linear measures were fairly close to the theoretical center of rotation of the joint, but the brackets for the tracking system were placed on the most posterior extensions of the iliac wing and the sacral spinous processes. Thus, the movements measured by the camera system were further away from the theoretical center of rotation of the sacroiliac joint. Those measures may have been magnified compared with the differential variable reluctance transducers measures when the sacroiliac joint was rotating. For this reason, the measures of both systems were in the same direction and of similar magnitude when the sacroiliac joint moved in vertical shearing motion, but in flexion-extension loading, as the sacroiliac rotated, the posterior measures were greater in magnitude and in the opposite direction to the anterior measures.

The loading of the pelvis and the sacroiliac joints is very complex and is influenced by many muscles in multiple directions, exerting forces over large osseous areas that are quite compliant, as well as abdominal pressure^[@R5]^. The model utilized in the present study did not attempt to replicate this complexity; we only attempted to apply the simple external loads. The loading in flexion-extension could only control the moments applied to the L4 vertebral body. It was impossible to measure the moments created at the sacroiliac joint itself. However, as the lumbar spine moves from flexion to extension, the center of gravity also moves from anterior to posterior, as did the vertical load on the MTS ram. Although imperfect, this movement of the vertical load was similar to normal loading. The loading through the hip joints was also compromised in order to stabilize the pelvis during loading, but the position of the hip joints was allowed to adjust to the elasticity of the pelvic ring to prevent side loading as the pelvis expanded under load. Additionally, because interspecimen variability forced us to measure the relative change in each measure after each intervention, it is possible that some of the changes were related to the length of time it took to go through each of the interventions and loading regimens.

With axial compression loading, minimal rotation was noted at the sacroiliac joints, so those translations reported for the brackets better reflected the true translations of the sacroiliac joint. Lastly, this study evaluated only the motion changes of the sacroiliac joint associated with lumbosacral arthrodesis, warranting more in-depth analysis to correlate these alterations in sacroiliac joint motion with radiographic and clinical outcomes. The interspecimen differences in reaction to the surgical interventions may also hold important information clinically and could be addressed in further studies.

In conclusion, following 360°, 1 or 2-level lumbosacral spine arthrodesis, the sacroiliac joint experienced an increase in motion during flexion-extension loading, but not in axial loading, in this laboratory model.

Appendix {#app1}
========

Supporting material provided by the authors is posted with the online version of this article as a data supplement at [jbjs.org](http://jbjs.org) (<http://links.lww.com/JBJSOA/A140>).
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